Abstract: Sudden cardiac death accounts for approximately 45% of duty-related fatalities among United States firefighters. Strenuous physical exertion is recognized as a trigger of sudden cardiac events. This study describes the duration of strenuous physical exertion on-scene preceding a fatal cardiac event by situation encountered during firefighting duties. Data provided by the National Institute for Occupational Safety and Health Fire Fighter Fatality Investigation and Prevention Program for duty-related firefighter fatalities over a 9-year period were analyzed. Among the 235 fatalities investigated, 45% had a cause of death that was cardiac in origin. Time (mean ± SD) spent on-scene in strenuous work was 30 ± 26 min, 14 ± 15 min, and 47 ± 52 min for fire, non-fire emergency, and training situations, respectively. Across all emergency operations and training, 31% of fatalities occurred among firefighters who performed ≤10 min of strenuous work, whereas 13% of fatalities occurred among those who performed >60 min. Study findings indicate that there is considerable variability in the duration of strenuous work preceding fatal cardiac events during firefighting duties. Notably, a high percentage of fatal cardiac events occurred after a relatively brief period of strenuous work, suggesting that the performance of any strenuous work, even that of short duration, may be sufficient to provoke a cardiac event in a firefighter with underlying cardiac disease.
Introduction
Since the National Fire Protection Association (NFPA) began tracking on-duty firefighter fatalities more than 30 years ago, sudden cardiac death (SCD) has consistently accounted for the largest share of duty-related firefighter deaths annually, averaging 43% over the last decade [1] . Among public safety workers, this statistic is conspicuously high compared with values of 7% and 11% for duty-related deaths attributable to similar causes for police officers [2] and emergency medical services workers [3] , respectively. Despite the high prevalence of SCD among firefighters while on the job, cohort mortality studies and national data have not consistently shown that firefighters experience a greater risk of death due to heart disease than the general population [4] [5] [6] [7] [8] . Still, unforeseen incapacitation of an on-duty firefighter due to a sudden cardiac event could adversely affect the safety of the victim, fellow first responders, and the public; therefore, understanding factors that contribute to duty-related cardiac events is essential.
Research clearly shows that specific firefighting duties, namely fire suppression, alarm response, and training, are associated with an increased risk of death due to cardiac-related causes [9] [10] [11] [12] . The greatest risk of cardiac death occurs during or shortly after fire suppression, when the odds are 10-130 times greater than during fire station duties [9] [10] [11] [12] . Heavy physical exertion, particularly among individuals unaccustomed to such activity, has been implicated as a trigger of sudden cardiac events in the general population [13] [14] [15] [16] . Research has established that firefighting is strenuous work, with studies reporting that firefighting tasks require an energy expenditure of 6-13 metabolic equivalents (METs) [17] [18] [19] . Other research has reported that firefighting places considerable strain on the cardiovascular system, including maximal or near maximal heart rate [20] [21] [22] , decreased plasma volume [23] and stroke volume [20, 21] , diminished diastolic function [20] , impaired endothelial function [24, 25] , and an enhanced coagulatory state [25, 26] . These physiological changes may cause myocardial ischemia, plaque disruption, and/or thrombotic occlusion, leading to a cardiac event in individuals with underlying disease. Consequently, researchers have proposed that the strenuous nature of firefighting work alone, or coupled with other physiologic stressors common to firefighting, such as heat stress, dehydration, elevated sympathetic nervous system activation, or exposure to fireground contaminants may precipitate cardiac death in susceptible firefighters [27] [28] [29] .
Although there is considerable epidemiological evidence for the triggering of a cardiac event by strenuous physical exertion [13] [14] [15] [16] , no studies have characterized the physical work performed by firefighters prior to the onset of a fatal cardiac event. Therefore, the purpose of this study was to describe the duration of strenuous physical exertion on-scene preceding a fatal cardiac event by situation encountered during firefighting duties for incidents that occurred 9 January 2008-10 February 2017, and were investigated by the National Institute for Occupational Safety and Health (NIOSH) Fire Fighter Fatality Investigation and Prevention Program (FFFIPP).
Materials and Methods
This study analyzed data provided by the NIOSH FFFIPP, which conducts independent investigations of selected firefighter line-of-duty deaths as part of a firefighter safety initiative. The decision to investigate is reached using a prioritization guideline based on leading risks to firefighters, fire service stakeholder input, and the availability of resources. Since the program's inception in 1998, approximately 30% of firefighter fatalities have been investigated. The data analyzed were from the NIOSH Core Component Form, which is completed by a NIOSH fatality investigator who performs a site visit, reviews department records, and interviews department personnel. The form allows the investigator to systematically collect information about the fire department, incident, victim, and contributing factors. Data from the form were entered into a dataset by NIOSH and shared with investigators. Data analyzed in this study included fatalities with incident dates between 9 January 2008, and 10 February 2017.
When performing an investigation, NIOSH investigators completed forms that categorized the nature of a fatality as medical, which included coronary heart disease, cardiac conduction problems, heart valve abnormality, cardiomyopathy, aortic aneurysm, hyperthermia, or "other medical" issue; or as non-medical, which included internal trauma, asphyxiation, burns, crush injury, "other non-medical", or unknown. For this study, coronary heart disease, cardiac conduction problems, heart valve abnormality, cardiomyopathy, and "other medical" that was determined to be cardiac-related based on additional details in the dataset were classified as having a medical cause of death that was cardiac in origin. In the event of a questionable value in the dataset, the completed NIOSH investigation report posted on the NIOSH website was reviewed, and the value from the report was used.
Incident information recorded in the dataset included the type of situation encountered (e.g., structure fire, motor vehicle accident (MVA)), the time spent on-scene or at training prior to the onset of symptoms, and the time spent performing strenuous work prior to the onset of symptoms. For cardiac training-related deaths, training was classified as physical fitness, firefighting-live fire, or firefighting-other than live fire (e.g., apparatus, maze, ice rescue, departmental physical ability training, or fitness testing) based on data in the NIOSH fatality investigation report. Time spent on-scene prior to the cardiac event or symptom onset was used to identify the incident stage as defined by the United States Fire Administration (USFA): initial attack (first 10 min), continuing operations (11-60 min), or extended operations (>60 min).
For fatalities with a cardiac cause of death and symptoms that occurred when the firefighter was engaged in fireground activities at a structure fire, the NIOSH fatality investigation report was used to categorize the firefighter's assignment as firefighter, driver/operator, company officer, or chief officer. Firefighter status recorded in the dataset was collapsed into two groups: career (union and nonunion) and volunteer (volunteer, paid call, other, unknown). Age was calculated by subtracting the date of birth from the date of the event when age was not recorded in the dataset.
Data from the USFA [30] were downloaded from an online fatality database, and data for the same period covered by the NIOSH dataset were extracted. The nature of fatal injury and type of duty from the USFA dataset were used to determine proportions of all U.S. duty-related firefighter fatalities that were investigated by NIOSH. Categories for nature of fatal injury and for situation encountered for the USFA and NIOSH data were similar but not identical; therefore, USFA categories were grouped to closely match the NIOSH categories. USFA fatalities with a nature of fatal injury reported as heart attack, cerebrovascular accident, heat exhaustion, or other/unknown with cause of death listed as stress/overexertion or exposure were considered to be a medical fatality, and the remaining fatalities were considered to be non-medical in nature. USFA types of duty reported as after, other on-duty, and returning were grouped to correspond with the NIOSH nonemergency/not applicable category of type of situation encountered.
Data were analyzed using IBM SPSS Statistics for Windows (Version 25, IBM Analytics, Armonk, NY, USA). Descriptive statistics were used to describe NIOSH-investigated deaths by type of fatality and situation encountered and to describe the time and strenuous work on-scene immediately prior to a fatal cardiac event. For strenuous work, the accuracy of one reported value of 592 min, the entire time spent on-scene during a wildland fire, was considered suspect and excluded from the analysis. Continuous variables are presented as mean ± SD. The chi-square test was used to assess whether the nature of fatality, origin of death (medical-related fatalities only), or type of situation encountered (cardiac deaths only) was associated with NIOSH's decision to investigate. Following a significant chi-square test, pairwise comparisons of column proportions were used to identify the type of situations that differed. Statistical significance was set at p < 0.05. Table 1 presents the duty-related fatalities reported by the USFA and investigated by NIOSH over the study period 9 January 2008-10 February 2017, defined by the incident dates in the NIOSH dataset. NIOSH investigated 235 of the 868 fatalities (27.1%) reported by the USFA. There was no significant association between the nature of fatality (medical versus non-medical, p = 0.339) or the origin of medical-related death (cardiac versus noncardiac, p = 0.309) and the decision to investigate by NIOSH. NIOSH investigated 25.8% (124 of 481) of all USFA duty-related fatalities attributed to medical events and 25.1% (107 of 427) of reported cardiac deaths. The nature of the fatality was medical-related in 55.4% (481 of 868) of the USFA fatalities and 52.8% of the fatalities investigated by NIOSH. Fatalities attributed to cardiac-related events accounted for 88.8% (427 of 481) and 86.3% of medical-related deaths in the USFA and NIOSH datasets, respectively, and 49.2% (427 of 868) and 45.5% (107 of 235) of all deaths in the respective datasets.
Results
There was a significant association between the type of situation encountered and whether NIOSH investigated the fatality (p < 0.001; Table 1 ). NIOSH was more likely to investigate USFA-reported cardiac fatalities that occurred during fire-or training-related situations and less likely to investigate those that occurred during the response or nonemergency/non-training (p < 0.05). NIOSH investigated 50.7% (36 of 71) of USFA reported cardiac fatalities that occurred at fires, 42.9% (21 of 49) of those that occurred during training, and 8.3% (3 of 36) that occurred during the response. Table 2 shows that 124 of the 235 fatalities investigated by NIOSH were due to medical causes, with the largest share attributed to coronary heart disease (CHD; 76.6% (95 of 124)). Three fatalities in the "other medical" category were cardiac in nature, bringing the number of cardiac deaths to 107. Mean age of the 107 firefighters who succumbed to a cardiac-related death was 49 ± 9 years and 106 of the firefighters were men. At the time of the fatal event, 52.3% were career firefighters. Years of experience as a firefighter were 21 ± 9 for career only (n = 46), 17 ± 13 for volunteer only (n = 38), and The distribution of cardiac-related fatalities by type of situation encountered is presented in Table 3 . Nearly 35% (36 of 107) of fatalities investigated were associated with fires, where 69.4% (25 of 36) were structure fires. Fatalities that occurred during non-fire emergency operations and training accounted for 7.5% and 19.6% of investigations, respectively. The nonemergency/non-training category included fatalities that occurred at the fire station and other nonemergency duties and accounted for a large share of situations (36.4%). During emergency situations (fire and non-fire emergencies; Figure 1 ), the fatal cardiac event or symptom onset occurred during the initial attack (first 10 min) in 9 firefighters (~20%), during continuing operations (11-60 min) in 26 firefighters (~60%), and during extended operations in 9 firefighters (~20%). As shown in Figure 1 , the nine fatal events that struck during extended operations occurred during structure or wildland fires. During emergency situations (fire and non-fire emergencies; Figure 1 ), the fatal cardiac event or symptom onset occurred during the initial attack (first 10 min) in 9 firefighters (~20%), during continuing operations (11-60 min) in 26 firefighters (~60%), and during extended operations in 9 firefighters (~20%). As shown in Figure 1 , the nine fatal events that struck during extended operations occurred during structure or wildland fires. The time spent on-scene and the time engaged in the performance of strenuous work prior to the onset of symptoms for the cardiac event are summarized in Table 4 . On average, firefighters who died of cardiac-related causes during a situation that involved a fire spent 55 ± 96 min on-scene and 30 ± 26 min performing strenuous activity. Mean time spent by firefighters in strenuous work was similar for structure and wildland fires. Mean time spent performing strenuous work was The time spent on-scene and the time engaged in the performance of strenuous work prior to the onset of symptoms for the cardiac event are summarized in Table 4 . On average, firefighters who died of cardiac-related causes during a situation that involved a fire spent 55 ± 96 min on-scene and 30 ± 26 min performing strenuous activity. Mean time spent by firefighters in strenuous work was similar for structure and wildland fires. Mean time spent performing strenuous work was approximately 15 min less during non-fire emergency operations (14 ± 15 min) than during emergency situations involving fires. During training, nearly 50 min, on average, was spent in strenuous activity before symptom onset. Three cardiac fatalities occurred during the response, and firefighters did not reach the scene; therefore, no times were reported for on-scene or strenuous work. Table 4 . Time (mean ± SD) spent on-scene and performing strenuous work prior to the onset of symptoms by type of situation encountered among cardiac fatalities investigated by NIOSH for incidents that occurred 9 January 2008-10 February 2017 (N = 92).
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Type of Situation Encountered
On --Nonemergency/Non-training (n = 18; n = 24) 68 ± 109 34 ± 35 False alarm (n = 2) 20 ± 6 20 ± 6 Other (n = 2) 103 ± 124 28 ± 18 Unknown/Not applicable (n = 13; n = 19) 73 ± 122 37 ± 38 Undefined (n = 1) 27 20 Note: The "n" reported is the same for On-scene and Strenuous Work for all situations other than Fire, Wildland, Nonemergency/Non-training and Unknown/Not applicable, where the value for On-scene is followed by the value for Strenuous Work.
The distributions of time engaged in the performance of strenuous work for emergency operations and training are shown in Figure 2 . The sample size is small for some situations, but situations were not collapsed to avoid masking the effects of differences in the type of work performed and the environment on the duration of strenuous work. The figure reveals considerable variability for most situations encountered. As shown in Figure 2 , 31% (20 of 64) of fatal cardiac events that manifested during emergency operations or training occurred among firefighters who had performed ≤10 min of strenuous work, as opposed to 13% (8 of 64) of fatal cardiac events that occurred after >60 min of strenuous work. When grouped by type of situation, the proportion of fatalities that occurred among firefighters who completed ≤10 min of strenuous work was 29% during fires, 63% during non-fire emergencies, and 24% during training. Firefighters reportedly performed no strenuous work during two fire-related incidents and one training situation. Only four firefighters engaged in >60 min of strenuous work during fires, and four engaged in >60 min of strenuous work during training. Figure 3 shows by assignment the distribution of time spent performing strenuous work onscene prior to the onset of symptoms at structure fires for cardiac fatalities. Only one fatality involved a driver/operator, and he had spent 5 min performing strenuous work on-scene. Four members were chief officers, and two had worked strenuously for ≥30 min assisting with fire attack. Mean time spent in strenuous work was 28 ± 22 min, 35 ± 32 min, and 25 ± 24 min for firefighters, company officers, and chief officers, respectively. Figure 3 shows by assignment the distribution of time spent performing strenuous work on-scene prior to the onset of symptoms at structure fires for cardiac fatalities. Only one fatality involved a driver/operator, and he had spent 5 min performing strenuous work on-scene. Four members were chief officers, and two had worked strenuously for ≥30 min assisting with fire attack. Mean time spent in strenuous work was 28 ± 22 min, 35 ± 32 min, and 25 ± 24 min for firefighters, company officers, and chief officers, respectively. Figure 3 shows by assignment the distribution of time spent performing strenuous work onscene prior to the onset of symptoms at structure fires for cardiac fatalities. Only one fatality involved a driver/operator, and he had spent 5 min performing strenuous work on-scene. Four members were chief officers, and two had worked strenuously for ≥30 min assisting with fire attack. Mean time spent in strenuous work was 28 ± 22 min, 35 ± 32 min, and 25 ± 24 min for firefighters, company officers, and chief officers, respectively. 
Discussion
This study provides the most complete characterization to date of the work performed by firefighters prior to the onset of a duty-related fatal cardiac event over a 9-year period (January 2008 to February 2017) using data from the NIOSH FFFIPP. The study's primary finding was that the time spent performing strenuous work prior to the manifestation of cardiac symptoms varied considerably by type of situation encountered and within a given situation. Notably, 31% of cardiac fatalities that occurred during emergency operations or training involved firefighters who had performed ≤10 min or strenuous work, including a few firefighters who had not performed any strenuous work. Alternatively, only 14% of cardiac fatalities occurred among firefighters who had performed >60 min of strenuous work during extended operations.
Study findings support researchers' proposals that physical work should be examined as a potential trigger of cardiovascular events in susceptible firefighters [27] [28] [29] . This conclusion by itself was not unexpected based on epidemiological research [13] [14] [15] [16] 31] ; however, study results also revealed considerable variability in the duration of strenuous work performed prior to the fatal event. During structure fires, 28% of firefighters performed ≤10 min of strenuous work, whereas 12% performed >60 min. Although several authors have proposed that the combination of heavy muscular work, heat stress, and dehydration may account for the increased risk of a sudden cardiac event during fire suppression [7, 28] , this study found that a high percentage of fatal cardiac events occurred after a relatively brief period of strenuous work, when heat stress and dehydration would likely not be contributory factors. The performance of any strenuous work, even that of short duration, may be sufficient to provoke a cardiac event in a susceptible firefighter with underlying cardiac disease.
Additionally, despite engaging in only a short period of strenuous work (≤10 min), six firefighters were on-scene during continued (11-60 min) or extended emergency operations (>60 min). The noisy, emotionally charged, immediately dangerous to life or health environment on the fireground causes sympathetic activity to increase or remain elevated, which may have contributed to triggering the fatal cardiac event. Research indicates that sympathetic activation may provoke the development of dangerous ventricular arrhythmias and SCD, especially in individuals with cardiac disease [32, 33] .
The 5-to 14-fold increased risk of cardiac death during alarm response reported in prior studies suggests that sympathetic activation alone may trigger a sudden cardiac event in a vulnerable firefighter [9, 10, 12] . The finding of no strenuous work among three cardiac fatalities in this study is consistent with this supposition. Approximately 3% of the cardiac deaths NIOSH investigated were associated with the alarm response, but national data from this study and prior studies [10, 12] show that 8%-13% of cardiac deaths occur during this type of duty, which is not considered physically demanding.
NIOSH investigated 43% of all USFA-reported cardiac-related training deaths over the study period. The deaths of five firefighters during physical fitness training, during which the effects of physical exertion were essentially isolated from other potential triggers of cardiac death that could act in concert during emergencies or firefighting training/drills, is consistent with research showing that cardiac death can be triggered by strenuous physical work alone. The longer duration of strenuous work during firefighting training than physical fitness training for some fatalities may be more reflective of differences in relative intensity of the work or differences in underlying cardiac pathologies than added stressors during firefighting training.
Previous studies have not found an increased risk of cardiac death during non-fire emergency duties, but approximately 9% of cardiac-related deaths occur during this type of duty [10, 12] . In this study, the duration of strenuous work for emergency medical services (EMS) calls was tightly clustered around 11 min, whereas the duration for MVA ranged from 1 min to 50 min. The narrower range for EMS calls might be expected, as strenuous work is primarily limited to gaining access to the patient and transferring the patient to the emergency vehicle for transport.
In addition to examining strenuous work during different firefighting situations, the work performed during structure fires was explored in further detail. Heart rate responses have been reported to be highly task dependent during actual emergencies [34] . Additionally, despite many studies that have documented near maximal heart rates among most firefighters during live fire training [20, 22, 35, 36] , Romet and Frim [37] reported that heart rate responses were influenced by the type of work performed and the environmental stressors (interior versus exterior work) during live fire training. In their study, heart rates differed by 30-40 beats per min between the least and most demanding assignments. More recently, Horn et al. [38] also showed that core temperature responses varied by assignment, with overhaul and ventilation operations resulting in the highest core temperatures. In this study, the assignments of driver/operator and chief officer were not expected to require much strenuous work, although individuals in these assignments are likely to experience psychological stress and are frequently exposed to environmental pollutants. Whether the inclusion of only one driver among the 25 deaths was related to the physical demands of the assignment being lower than those of firefighter and company officer, or to the NIOSH selection process for investigating a fatality, or to the lower proportion of driver/operators among members is unclear. A fire chief often assumes the role of incident commander, but two chiefs in this study assisted with fire attack and performed ≥30 min of strenuous work.
Strenuous work is inherent to the job of firefighting; therefore, it is important to recognize that the absolute risk of SCD during any single episode of vigorous exertion has been reported to be very low (1 SCD per 1.51 million episodes of exertion) [13] . In addition, and paradoxically, an effective way to counter the triggering role of strenuous physical exertion may be through regular strenuous physical exertion, albeit as part of a prudent fitness program following medical clearance. Studies have demonstrated that habitual strenuous physical exertion has a protective effect against the transiently increased risk of cardiac death with strenuous physical exertion [13, 31, 39] . Albert et al. [13] reported a relative risk of SCD of 10.9 in the period during and 30 min after exertion among men who regularly (≥5 times per week) engaged in vigorous exertion (≥6 METs) compared with a relative risk of 74.1 among men who rarely (<1 time per week) exercised at a vigorous intensity.
Strengths and Limitations
The main strength of this study is that the NIOSH fatality investigations provided a detailed description of the environment and activities preceding the duty-related fatal event. Reliance solely on data obtained from the NIOSH FFFIPP investigation is also a limitation because not all firefighter duty-related fatalities were investigated. Additionally, year-to-year differences in the prioritization guidelines used by NIOSH may have affected the number and type of fatalities investigated annually. Aggregate data showed that during the study period, the proportions of fatalities investigated by NIOSH that were due to medical (52.8%) and cardiac-related (45.5%) causes were similar to the proportion of medical and cardiac fatalities identified through national data (55.4% and 49.2%, respectively), but this might not hold true for other time periods. Over the study period, inclusion of a higher proportion of emergency-and training-related cardiac deaths among NIOSH investigations compared with national data increased the sample size for situations that were likely to elicit strenuous work. The quantification of strenuous work was a subjective measure based on the judgment of the NIOSH investigator, which is a limitation. However, a limited number of investigators conducted investigations, and ratings were likely consistent for each investigator. This study used categories established by NIOSH to report strenuous work, but it should be noted that firefighters perform strenuous work at times that may not have been captured in this analysis, such as upon the return from an incident. Although not a limitation per se, associations among strenuous work and factors such as age, firefighter status, ambient conditions, and prior calls were not considered, primarily due to the small sample sizes for most situations. These factors could be considered in future research to quantify the risk of cardiac death associated with strenuous work during firefighting.
Conclusions
There was considerable variability in the duration of strenuous work reported prior to the onset of a fatal cardiac event in the duty-related firefighter fatalities investigated by NIOSH. This variability undoubtedly reflects many factors, among them, the relative intensity of the work performed, the degree of underlying cardiovascular pathology, and mechanisms of cardiac death (i.e., myocardial infarction and cardiac arrest). Nonetheless, documenting the variability in amount of time spent in strenuous physical work adds to our understanding of the stressors that can contribute to a cardiac event and argues against a simple notion that all duty-related cardiac fatalities have a common trigger mechanism. Among firefighters with underlying cardiovascular disease, the sympathetic activation associated with the alarm response and on-scene activities may be sufficient to trigger a cardiac event. Thus, all members of a department who respond to emergencies should have appropriate medical clearance. Furthermore, it is of utmost importance that firefighters have a high level of fitness to ensure optimal job performance and to reduce the risk of cardiac death. To this end, fire departments should embrace fitness programming and health maintenance programs. 
